A Gram-stain-negative, non-motile, strictly anaerobic, oval-shaped, non-spore-forming bacterium (strain Pyt T ) was isolated from reticulated python faeces. 
During the isolation of mucolytic bacteria from fresh faeces obtained from the reticulated python (Malayopython reticulatus) housed in Burgers' Zoo (Arnhem, The Netherlands), strain Pyt T was recovered as previously described (Derrien et al., 2004) using an anaerobic basal medium that contained 0.5 % mucin as the sole carbon and energy source. In short, approximately 0.2 g faecal sample was taken and dissolved in anaerobic PBS (pH 7) containing 0.5 g l À1 of cysteine-HCL. Subsequently, strain Pyt T was isolated using a dilution to extinction approach on mucin medium followed by streaking on mucin plates consisting of mucin medium supplemented with 0.8 % agar (Agar noble; Difco). Single colonies were picked, regrown in mucin medium and re-streaked on mucin plates until purity was reached. All steps were performed under strict anaerobic conditions. For comparison purposes, A. muciniphila Muc T (=CIP 107961 T ) was used as a reference strain.
Nucleotide sequence analysis of a cloned 16S rRNA gene was performed to determine the phylogenetic affiliation of strain Pyt T . Total DNA was extracted using the Masterpure Gram-Positive DNA Purification Kit (Epicentre) and 16S rRNA gene sequences were amplified by PCR using the universal primers 27F and 1492R (Suzuki et al., 2000) . PCR products were purified using the High Pure PCR Cleanup Micro kit (Roche Diagnostics). To obtain an almost-complete 16S rRNA gene sequence of strain Pyt T , purified PCR products were cloned in Escherichia coli XL1-blue using the pGEM-T easy vector system (Promega) according to the manufacturer's instructions. Plasmid DNA was isolated from 44 successfully transformed cultures using the QIAprep Spin Miniprep kit (Qiagen) and used as template for Sanger sequence analysis (performed by GATC) using insert-flanking T7 and SP6 promoter-targeted primers (Promega). Sequences were aligned using DNA Baser Sequence Assembler v4 (2013) (Heracle BioSoft), the alignment was corrected manually to ensure overlapping sequences. All cloned inserts were found to derive from an identical 16S rRNA gene and a sequence of 1439 bp was obtained. The 16S rRNA gene sequences of strain Pyt T and other members of the phylum Verrucomicrobia were aligned using the SINA aligner (http://www.arb-silva.de/aligner/) (Pruesse et al., 2012) . Phylogenetic trees were reconstructed using ARB (Ludwig et al., 2004) . Distances and clustering with both neighbour-joining and maximum-parsimony methods were determined by using bootstrap values based on 1000 replications.
The 16S rRNA gene nucleotide sequence of strain Pyt T included a continuous stretch of 1437 bp. Sequence similarity calculations after a neighbour-joining analysis indicated that the closest relative of strain Pyt T was A. muciniphila Muc T (94.4 % 16S rRNA gene sequence similarity). The 16S rRNA gene sequence similarity is well under the current cut-off for species of 97 % (Tindall et al., 2010) , and just below the cut-off for a novel genus (94.5 %) (Yarza et al., 2014) . Remarkably, the 16S rRNA gene sequence of strain Pyt T showed 99.7 % similarity to an uncultured clone derived from faeces from a Dugong, a marine mammal (GenBank accession no. AB264081). Lower sequence similarities (<90.0 %) were found with representatives of all validly described genera that belong to the phylum of the Verrucomicrobia, including the families Rubritaleaceae, Akkermansiaceae and Verrucomicrobiaceae (Fig. 1) . A partial genome sequence of strain Pyt T was determined to further support the phylogenetic position and study genomic relationships. The total DNA isolated as described above was used to prepare a MiSeq library that was subjected to next generation sequencing on an Illumina MiSeq Personal Sequencer with 250 bp paired-end reads and an insert size of 500 bp. Reads were assembled using Ray (k-mer 101) (Boisvert et al., 2012) . The functional annotation was carried out by RAST (Rapid Annotation using Subsystem Technology) (Aziz et al., 2008) . The G+C content of the genomic DNA of strain Pyt T was determined in duplicate by the Leibniz-Institut Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; Braunschweig, Germany) as previously described (Cashion et al., 1977; Mesbah et al., 1989; Tamaoka & Komagata, 1984 (Sun et al., 2015) . It has been suggested that ANI can accurately replace DNA-DNA hybridization (DDH) (Goris et al., 2007) . To address this, DDH experiments were performed in triplicate by the Leibniz-Institut DSMZ using genomic DNA of both strains as previously described (Cashion et al., 1977; De Ley et al., 1970; Huss et al., 1983) . The experimental results confirm the genome-based data and indicate that strain Pyt T showed relatively low DNA-DNA relatedness to A. muciniphila Muc T (28.3±5.2 %). Hence, the present data confirm that both the ANI and the DDH value are well under the current species cut-off of 70 %% DDH and 95 ANI (Goris et al., 2007) .
The genome of strain Pyt T reflects its mucin-degrading capacity as it is predicted to encode for 55 glycoside hydrolases, 28 of which are predicted to be secreted; five fucosidases, three of which are predicted to be secreted; and seven sialidases, six of which are predicted to be secreted. To degrade the mucin glycoprotein, strain Pyt T needs to cleave the sulfate groups that can be attached at the end of the glycan chains (Linden et al., 2008) . Strain Pyt T is predicted to code for 14 sulfatases, nine of which are predicted to be secreted.
Mucin glycans primarily consist of galactose, Nacetylglucosamine and N-acetylgalactosamine, with strain Pyt T able to use all as growth substrate. In contrast to A. muciniphila Muc T , strain Pyt T is able to use galactose as a sole carbon source, producing mainly propionate, acetate and small amounts of succinate. Growth on galactose is relatively slow [doubling time (Td) of approximately 50 h] compared to growth on mucin (Td of approximately 1.5 h). Genome predictions indicate that strain Pyt T only encodes the canonical Leloir pathway enzymes galactokinase (GalK) and UDP-glucose 4-epimerase (GalE). These are also predicted to be encoded by A. muciniphila Muc T (van Passel, et al., 2011) . However, in the genome of strain Pyt T , but not in that of A. muciniphila Muc T , we could identify eight genes potentially encoding proteins with a galactose-binding domain, seven of which are secreted. It is likely that a yet unknown galactose-metabolizing pathway operates in strain Pyt T and these genes may be involved in a system to bind and transport galactose.
Gram staining was performed as described (Plugge et al., 2000) . Cell morphology, motility and spore formation was monitored by phase-contrast microscopy, with cells grown for 2 days at 37 C on mucin-based medium. The presence of a capsule was determined by staining the cells grown in mucin medium with an India ink suspension. For scanning electron microscopy analysis, cells were fixed in 2 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at room temperature, and post-fixed with 2 % osmium tetroxide for 30-60 min. Hereafter cells were dehydrated in a graded alcohol series (50, 70, 96 and 100 %), treated with hexamethyldisilazane, and mounted into aluminium stubs and coated with platinum. Cells were subsequently studied with a FEI Quanta 250 FEG-scanning electron microscope.
Cells of strain Pyt
T are oval-shaped (Fig. 2) , non-motile and stain Gram-negatively. The long axis of single cells is 0.6-1.0 µm when grown in a mucin-based medium. Cells occur singly, in pairs, in short chains and in aggregates. On Roseimicrobium gellanilyticum DC2a-G7 T (AB552861)
Chlamydia trachomatis A/Har-13 T (D89067) Fig. 1 . Phylogenetic tree showing the position of the determined 16S rRNA gene sequence of strain Pyt T among those of selected type strains belonging to the class Verrucomicrobiae and a clone derived from Dugong faeces (GenBank accession no. AB264081). The tree was rooted using Chlamydia trachomatis as outgroup and was generated by the neighbour-joining method with 1000 bootstraps. Numbers represent bootstrap values in %. Bar, 10 % sequence divergence. mucin-based agar grown for 48 h at 37 C, strain Pyt T presented as small white colonies of 0.7 mm in diameter. Scanning electron microscopy revealed the existence of filamentous structures connecting individual bacterial cells (Fig. 2) . Similar to A. muciniphila Muc T , cells of strain Pyt T could exclude India ink, characteristic of capsule-possessing bacteria (Derrien et al., 2004) .
Growth experiments were performed in duplicate for each strain, using 30 ml-serum bottles. The gas phase was 1.5 atm of N 2 /CO 2 (80 : 20, v/v). Unless otherwise indicated, the general growth conditions were pH 6.5 and 37 C. Growth was monitored by measuring optical density at 600 nm with a spectrophotometer (Ultraspec 10; Biosciences). Short-chain fatty acids were measured using a Thermo Electron spectrasystem HPLC equipped with an Agilent Metacarb 67H column. The optimum pH and temperature were measured in duplicate on brain-heart infusion (BHI; Difco) supplemented with 0.5 % (w/v) hog gastric mucin (Type III, Sigma), and 0.05 % (w/v) cysteine. Temperatures tested were 10-55 C at intervals of 5 C; the pH range tested was pH 3.5-9 at intervals of 0.5 pH units (adjusted with HCl or NaOH) at 37 C. Cultures were incubated for at least 1 month.
Strain Pyt
T is a strict anaerobe, growing on L-cysteine, and/ or sulfide as reducing agents. Growth occurred at 15-40 C and pH 5.0-7.5, with optimum growth at 25-30 C and pH 6.0. Compared to A. muciniphila Muc T , strain Pyt T grows at slightly lower temperatures and pH (Table 1 ). The optimal temperature of 30 C fits with the habitat of strain Pyt T as the python is ectothermic and depends on external heat sources to regulate its body temperature, which is therefore lower compared to human or small mammals that serve as its prey (Wang et al., 2002) . In the Python bivittatus, a relative of the Malayopython reticulatus, the gastrointestinal pH varied from pH 6.5 (stomach) to pH 7.6 (caecumcaecum) while fasting, and from pH 2-3 (stomach), pH 7-8 (oesophagus, distal small intestine, caecumcaecum, and proximal large intestine), to pH 5-6.7 (distal oesophagus, proximal stomach, and distal large intestine) after feeding (Secor et al., 2006) . This indicates that the optimal pH of strain Pyt T (approximately pH 6.0) might correspond to colonization of the distal large intestine.
Growth on 10 mM D-mannose, D-glucose, L-fucose, D-fructose, D-galactose, N-acetylglucosamine, N-acetylgalactosamine or cellobiose was tested in duplicate in a basal medium previously described (Derrien et al., 2004) , Table 1 . Physiological characteristics of the type strains of species of the genus Akkermansia in comparison with representatives of other genera of the class Verrucomicrobiae (subdivision I) Taxa: 1, Akkermansia glycaniphila sp. nov. Pyt T ; 2, Akkermansia muciniphila Muc T ; 3, Rubritalea (based on R. marina, R. sabuli, R. spongiae, R.
squalenifaciens, and R. tangerina); 4, Prosthecobacter (based on P. debontii, P. dejongeii, P. fusiformis and P. vanneervenii); 5, Verrucomicrobium (based on Verrucomicrobium spinosum). For taxa 2, 3, 4, and 5 data was taken from Hedlund (2010) . +, Positive; À, negative; (+), weakly positive; ND, not determined. All strains are negative for motility and requirement of vitamins. supplemented with tryptone 16 g l À1 and threonine 4 g l
À1
. Growth was determined on D-glucose, maltose, lactose, D-mannitol, sucrose, salicin, D-xylose, L-arabinose, glycerol, cellobiose, D-mannose, D-melezitose, D-raffinose, D-sorbitol, L-rhamnose and trehalose using API20A (bioM erieux) according manufacturer's instructions with one alteration: a basal medium as previously described (Derrien et al., 2004) supplemented with tryptone 16 g l À1 and 4 g l À1 threonine was used to inoculate the API 20A. Hereafter, catalase activity was determined by reaction with 3 % (w/v) solution of H 2 O 2 . Indole and urease formation as well as gelatin and aesculin hydrolysis were determined with API 20A strips (bioM erieux.
Growing best in mucin medium, and capable of using mucin as carbon, energy and nitrogen source, strain Pyt Strain Pyt T is able to use lactose as sole carbon source while producing mainly propionate and acetate. Growth on lactose is slower (Td of approximately 50 h) than the growth on mucin (Td of approximately 1.5 h). Quantification of fermentation products by HPLC analysis revealed initial cleavage of lactose into glucose and galactose. Hereafter, both glucose and galactose were converted mainly into propionate and acetate and small amounts of succinate. The reticulated python is not a lactating mammal, so therefore it was unexpected that strain Pyt T can use lactose as a growth substrate. However, in the mucin glycoprotein there are numerous b1,4 glycolytic linkages (Linden et al., 2008) . Lactose has a similar b1,4 linkage that links glucose to galactose. Hence, to use mucin as growth substrate strain Pyt T needs to be able to degrade this glycan linkage and hence it is feasible that strain Pyt T can degrade lactose using the same glycoside hydrolase as it normally uses for the degradation of mucin.
Antibiotic resistance was determined using the Etest method for both ampicillin and vancomycin (bioM erieux). The minimal inhibitory concentration (MIC) was determined after incubation for 48 h. In more detail, strain Pyt T was grown in mucin media and after reaching stationary phase 100 µl was plated onto BHI plates supplemented with 0.5 % (v/v) hog gastric mucin (Type III, Sigma), and 0.05 % (w/v) cysteine-HCL (Sigma-Aldrich). Plates were incubated ; 3, Rubritalea (based on R. marina, R. sabuli, R. spongiae, R. squalenifaciens, and R. tangerina); 4, Prosthecobacter (based on P. debontii, P. dejongeii, P. fusiformis and P. vanneervenii); 5, Verrucomicrobium (based on Verrucomicrobium spinosum). Grey shading are major fatty acids found by the analysis in this study. For strains in taxa 3, 4 and 5, only major fatty acids were determined as previously described (Hedlund, 2010) ). The results of the physiological characterization of strain Pyt T are in the species description and indicated in Table 1 in comparison to other members of the class Verrucomicrobiae.
For chemotaxonomic characterization, strain Pyt T and A. muciniphila Muc T were grown and harvested at stationary phase and subsequently freeze-dried. The analysis of cellular fatty acids was performed by the Leibniz-Institut DSMZ as previously described (Kampfer & Kroppenstedt, 1996) . The chemotaxonomic data supported the affiliation of strain Pyt T to the genus Akkermansia, as three out of four of the main fatty acids are similar, namely C 15 : 0 , anteiso-C 15 : 0 , and C 15 : 0 3-OH. Results of chemotaxonomic analyses are given in the species description and Table 2 .
Based on the combination of these phenotypic, phylogenetic and genetic characteristics, strain Pyt T represents a novel species of the genus Akkermansia, for which the name Akkermansia glycaniphila sp. nov. is proposed.
Description of Akkermansia glycaniphila sp. nov. The type strain is Pyt T (=DSM 100705 T =CIP 110913 T ) and was isolated from reticulated python faeces in Wageningen, The Netherlands. The DNA G+C content of the type strain is 58.2 mol%.
